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The antiferromagnetic manganite Pr0.5Sr0.5MnO3 was investigated at low temperature by means
of magnetometry and 55Mn NMR. A field-induced transition to a ferromagnetic state is detected by
magnetization measurements at a threshold field of a few tesla. NMR shows that the ferromagnetic
phase develops from zero field by the nucleation of microscopic ferromagnetic domains, consisting
of an inhomogeneous mixture of tilted and fully aligned parts. At the threshold the NMR spectrum
changes discontinuously into that of a homogeneous, fully aligned, ferromagnetic state, suggesting
a percolative origin for the ferromagnetic transition.
75.30.Kz, 75.25.+z, 76.60.-k
Manganites R1−xAxMnO3 (R = rare earth, A = alkali-
earth metal) display correlated magnetic and transport
properties, which include a colossal magnetoresistance
(CMR) near TC for the metallic ferromagnetic composi-
tions (around x = 1/3 [1]). The complexity of the physics
in manganites is witnessed by a very rich phase diagram,
which comprises various magnetic structures and regions
of phase coexistence at x < 0.1 [2,3] and at x ≈ 0.5
[4,5,6]. The magneto-transport properties of these ma-
terials are generally understood in terms of the double
exchange interaction [7], arising from spin-polarized car-
riers coupled to localized electronic moments by a strong
intra-atomic exchange. The underlying physics, however,
is probably more complex, and other competing inter-
actions are relevant. Among these, the narrow bands,
nesting effects of the peculiar Fermi surfaces, and the
electron-lattice coupling through the Jahn-Teller (JT) ac-
tive Mn3+ ion play perhaps a major role [8,9].
Recently the focus of studies has moved to non-CMR
compositions, in particular to the 50% substituted com-
pounds, where the itinerant ferromagnetic (F) state be-
comes unstable and electronic localization with antiferro-
magnetic (AF) order take over at low temperature. Man-
ganites at half band filling display in fact two magneti-
cally ordered states: a F metallic state at Tc > T >
TN ≈ 150K, and an AF insulating phase at lower temper-
ature. The AF phase can be accompanied by the order-
ing of Mn3+ and Mn4+ on two distinct sublattices, like in
La0.5Ca0.5MnO3 and Nd0.5Sr0.5MnO3 [10,11]. We have
recently shown [4] that in La0.5Ca0.5MnO3 the charge
ordered state sets in at TN by nucleation of mesoscopic
AF domains from the ferromagnetic bulk in a first order
transition. However, in Pr0.5Sr0.5MnO3 charge ordering
(CO) does not take place and the magnetic structure is
of the layered A-type [11]. Both AF ground states can
be destroyed by suitably strong applied fields, which re-
store the metallic F phase: this can be viewed as another
regime of CMR.
In this paper we present an investigation of the AF-
F transition in Pr0.5Sr0.5MnO3, carried out by means of
55Mn NMR, a.c. susceptibility, and magnetization mea-
surements. The sample is a random assembly of small
single crystals obtained from crushing a floating zone
specimen [12]. Magnetization and a.c. susceptibility were
measured by means of an Oxford Instruments Maglab2000
System (µ◦Hdc = 0 − 7 T, T = 1.5 − 400 K), equipped
with a d.c. extraction magnetometer and an a.c. induc-
tion susceptometer. NMR was performed in liquid He at
1.3 K with a home built spectrometer [13] and a variable
field superconducting solenoid.
A.c. susceptibility (Hac = 1 Oe, ν = 1 kHz) in zero
d.c. field was measured as a function of temperature.
The χ′(T ) and χ′′(T ) curves, reproducible on cooling
and warming, are shown in figure 1a. The magnetization
curve in a d.c. field of 500 Oe was measured as well, and
it reproduces closely the features of χ′(T ). The curves
show clearly the two magnetic transitions of the sample:
the Curie point TC = 270 K, observed as a steep rise of
χ′ and the sharp peak on χ′′, and the F-AF transition at
TN ≈ 150 K, where the susceptibility drops by two or-
ders of magnitude. This behavior is qualitatively similar
to that encountered in La0.5Ca0.5MnO3 where, however,
in all reported works, a comparatively high remanent sus-
ceptibility (approximately 5-20% of maximum, depend-
ing on the author) was found in the CO-AF phase. In the
present case the susceptibility saturates below TN at the
value χ′ = 1.5 × 10−4 emu/gOe, only a factor 10 larger
than expected in a simple AF state by Curie-Weiss law,
1
suggesting a very weak ferromagnetic term. Moreover
no appreciable thermal hysteresis was observed here, in
contrast again with La0.5Ca0.5MnO3 [4,14].
Magnetization at constant temperature as a function
of the applied field is shown in fig. 1b for several tem-
peratures below TC . At TN < T < TC an applied field
of a few kOe fully saturates the magnetization M(H).
Below TN , the initial slope ofM(H) drops abruptly, cor-
responding to the onset of AF order. In both cases the
initial d.c. susceptibility χdc = dM/dH is in good quan-
titative agreement with χ′ac(T ). In addition at T < TN a
first order metamagnetic transition takes place at larger
fields: M(H) deviates from the linear behavior, with a
steep rise at a threshold field Hθ(T ) (marked by arrows
in the figure). This agrees with results from Tomioka
et al. [15]. The threshold field, determined as the knee
of the curve, increases with decreasing temperature, as
shown in the inset of fig. 1b. The magnetic moment right
above Hθ(T ) is roughly 2/3 of the apparent saturation
value µs(T ) ≈ 3µB/formula unit, which is approached
at higher fields. Such a large moment demonstrates that
the magnetic order is close to that of a full ferromagnet
above Hθ.
FIG. 1. a) Real, χ′(T ), and imaginary, χ′′(T ), a.c. mag-
netic susceptibility. Measurements performed during cooling
and warming are marked with closed and open symbols, re-
spectively. Inset: M(T ) in 500 Oe. b) Magnetization M(H)
at several temperatures (H swept from 0 to 7T). Inset: thresh-
old field Hθ(T ) (see text). Hθ(48K) is extrapolated from the
data; the point at 1.3 K is from the NMR measurements.
In order to obtain microscopic information on the field
induced transition we employed 55Mn NMR at 1.3 K in
variable magnetic fields as a local probe of magnetization
and of magnetic structure. The local field experienced by
55Mn arises from dipolar, transferred, and the Fermi con-
tact fields, and is proportional to the electronic moment
gµB 〈S〉:
B =
2pi
γ
gµBA〈S〉+ µ◦H. (1)
Here µ0H is the external field, and γ/2pi = 10.501
MHz/T for 55Mn. The hyperfine coupling tensor A is
found to be negative and isotropic within the experimen-
tal resolution [4]. The resonance frequency determines
with this equation only the product Ag 〈S〉. We use be-
low the resonance frequencies in homogeneous Mn com-
pounds as a reference to assign local moments and a va-
lence to different sites in our spectra. The nuclei of the
3µB Mn
4+ ions resonate at low temperatures around 300
MHz in several single valence insulating Mn compounds
[16,17]. Similar frequencies have also been observed in
CO manganites [4]. In the conducting CMR composi-
tions 0.2 ≤ x ≤ 0.5, on the other hand, the higher elec-
tronic spin gS = 4− x yields nuclear resonances at 1.3K
ranging from 400 MHz down to 370 MHz [4,18,19].
55Mn NMR is also sensitive to local magnetic struc-
ture. The superposition of the external and the inter-
nal (hyperfine) field is different in F and AF domains,
giving rise to distinct shifts and broadenings for the cor-
responding resonance lines [3,4]. In particular in a F
region, where Mn electronic spins align parallel to the
external field above saturation, the NMR resonance fre-
quency shifts according to ∆ν = gµB |A| 〈S〉−γµ0H/2pi,
by eq. 1. Further information is provided by the radio
frequency (rf) enhancement η, consisting of an amplifi-
cation of both the effective driving rf field H ′1 = ηH1 and
the NMR signal induced in the coil, due to the hyperfine
coupling of the electronic magnetization to the nucleus.
The enhancement can be estimated from the rf power re-
quired for an optimized spin echo excitation [20]. A large
η is typical of ferromagnetically ordered systems.
The spin-echo spectra, measured at different applied
fields (always after zero field cooling), are plotted in fig.
2, corrected for NMR sensitivity (∝ ω2) and rescaled for
clarity by arbitrary factors. The zero field spectrum (bot-
tom of fig.2) consists of a broad inhomogeneous distribu-
tion of hyperfine fields over a range of approximately 10
T, where two peaks, centered at 370 MHz and 290 MHz,
are clearly resolved. In an applied field not exceeding 7
T, the whole spectrum shifts to lower frequencies, while
the two peaks get closer. This is evident from fig. 3a,
where the mean resonance frequencies, from a two Gaus-
sian components fit, are plotted as a function of H . Note
that this spectrum differs from that of the F fraction of
the CO manganite La0.5Ca0.5MnO3, consisting of a sin-
gle much narrower peak (FWHM ≈ 2 T) centered at 380
MHz.
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Although the sample is antiferromagnetic at H = 0
the high frequency NMR signal originates entirely from
a ferromagnetic fraction, as it is demonstrated by the
sizeable enhancement η ≈ 100 and by the field de-
pendent frequency shifts. The slope of the full line in
fig. 3a shows that the high frequency peak shifts with
field according to the full nuclear gyromagnetic ratio
(µ−1◦ d∆ν/dH = γ/2pi, from eq.1). This implies that the
electronic moments on the Mn sites are constant and fully
aligned to the external field, as expected in a saturated
ferromagnet.
The low frequency peak exhibits only a fractional shift
(fig.3a), which implies a partial alignment of the Mn mo-
ments giving rise to this signal. Assuming for the sake of
simplicity a constant angle between external field and the
Mn moments one finds for this angle θ ≈ 65 degrees from
the slope dν/µ◦dH ≈ γ cos θ/2pi ≈ 4.5 MHz/T. We shall
refer to this contribution as a tilted F (tF) component
and to the former as fully F (fF).
Fig. 3b shows the area I(H) under the full spectrum,
corrected for η(H), which is proportional to the number
of resonating nuclei. The zero field signal has a tiny in-
tensity, hence the F fraction is initially a minority phase.
Its presence may account for the enhanced macroscopic
d.c. susceptibility in the AF state discussed above. How-
ever, I(H) increases rapidly with field, and the intensity
ratio of the two peaks remains constant, of order one, in-
dependent of the field. The rapid increase of I with field
rules out an impurity phase. No signal from the ma-
jority AF phase is observed, probably due to extremely
fast relaxation, as it is suggested by comparison with the
related compound La0.5Ca0.5MnO3, where
55Mn relaxes
two orders of magnitude faster in the AF phase than in
the F phase [4].
FIG. 2. 55Mn NMR spectra at 1.3 K for 0 ≤ µ0H ≤ 8 T.
The spectra are rescaled in amplitude by arbitrary factors.
The field induced magnetic transition was easily lo-
cated at 1.3 K and 7.7(1) T by an abrupt change in χ’
and χ”which induces a severe detuning and rf-mismatch
of the probe head. The transition also shows up in the
NMR spectrum, which at 8 T (the topmost in fig. 2) con-
sists of a narrower single high frequency peak, whereas
the low frequency peak, still well resolved at 7 T, has
completely disappeared. No additional peak was found
between 210 and 420 MHz. The mean frequency of the
8 T spectrum lies on the same line of the fF peak in fig.
3a. The tF peak is not recovered by setting the field back
to 7 T: the hysteresis demonstrates that this is a first or-
der transition, clearly corresponding to that detected by
M(H) at higher temperatures. Although instrumental
limitations prevented direct verification by magnetome-
try, the value of 7.7 T at 1.3 K is in good agreement with
the Hθ(T ) curve extrapolated from magnetization data
(see inset to fig.1b). The identification is also supported
by the steep rise of the NMR amplitude I(H) near 7 T, in
qualitative agreement with theM(H) curve at the lowest
temperature (cfr. fig. 3b and fig. 1b).
FIG. 3. a) Mean frequency of the fF and tF NMR
peak as a function of the applied field. Full line: slope
γ/2pi = 10.501MHz/T; dashed: γ/2pi cos(65◦) (see text). b)
Stars: integrated intensity I(H) of the whole NMR spectra,
corrected for the NMR sensitivity. The dashed line is a guide
to the eye.
From our NMR data we can conclude, therefore, that
on a microscopic scale the increase of M(H) below Hθ is
not due to homogeneously increasing induced moments
or a field induced homogeneous canting of the AF struc-
ture, since both are incompatible with the slope of the
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fF-line in fig. 3a. Instead, the simultaneous increase in
the tF- and fF-line intensities shows that M(H) devel-
ops by inhomogeneous nucleation of fF- and tF-phases
from the AF matrix. The strong correlation between the
intensity of the fF- and the tF-line while both change
with field by more than an order of magnitude strongly
suggests a growth of both phases in spatially connected
volumes. It is tempting to associate the two lines with
the inner core and with the outer surface layers of ferro-
magnetic clusters within the AF matrix respectively. At
the threshold field the tilted component vanishes, indi-
cating that the ferromagnetic volume fraction becomes
homogeneous (AF-regions may still exist).
If we follow this idea we may discuss some further con-
sequences of our data for the properties of these clusters.
First, the fact that the intensity ratio is constant means
that the volume fraction of the mixed phase (tF + fF) in-
creases by growth in the number of clusters rather than
in their size. Second, the ratio IfF /Itf ≈ 1 implies a
very large surface to volume ratio, corresponding to a
very small size of the clusters. Assuming for simplic-
ity a cubic shape, the core contains (N − 2)3 unit cells,
covered by a layer of 6(N − 2)2 unit cells (not counting
the edges). The NMR intensity ratio then implies nearly
equal volumes or N = 8, that is a size of the core in the
order of six lattice constants. Finally, comparison with
the zero field frequencies of the reference materials de-
scribed above provides information on the local valence:
370 MHz for the fF-line corresponds to Mn+3.3≤v≤+3.5 in
a metallic ferromagnet, while 290 MHz for the tF-line is
close to the value of Mn+4 in antiferromagnetic insula-
tors.
The peculiar nature of these clusters brings to mind
a static version of magnetic polarons, often invoked by
theories as the excitations of either magnetic JT [21] or
magnetic semiconductor [22] systems. Unfortunately, we
cannot distinguish from our NMR data between the two
cases of a tF core surrounded by a fF layer or vice versa,
the ferromagnet being surrounded by a tilted structure.
From a magnetic point of view the second possibility is
more intuitive, but it implies some electrostatic over-
shielding of the core hole state (v ≤ +3.5) in the sur-
face layer (v ≈ +4), followed by the surrounding AF
(v ≈ +3.5). In the other case the valence decreases
nearly monotonically from the center of the cluster where
Mn+4 forms an AF structure, canted due to the field and
frustrated magnetic bonds, to the fully aligned ferromag-
netic surface of the cluster. An interface layer between
fF surface and the surrounding AF matrix might well
be unobservable in NMR. In both cases the metamag-
netic transition at Hθ indicates a change of topology in
this phase. Its coincidence with a large mean magnetic
moment strongly suggests the crossing of a percolation
threshold by F domains at Hθ. This view is also sup-
ported by the abrupt increase of electrical conductivity
accompanying the transition [15].
A similar intrinsic phase separation was encountered
in La0.5Ca0.5MnO3, where a minority F fraction coex-
ists with the majority AF phase at all temperatures
below 150 K [4]. In that sample, however, the large
thermal and magnetic hysteresis and the single fF peak
in the 55Mn NMR spectrum indicate a bulk F phase.
Recent TEM imaging actually showed that the size
of F domains in La0.5Ca0.5MnO3 is mesoscopic rather
than nanoscopic [5]. In this respect Pr0.5Sr0.5MnO3 is
more similar to low doped La1−xCaxMnO3 (x < 0.1),
where the nanoscopic dimension of spontaneously segre-
gated hole-rich F droplets was demonstrated by small
angle neutron scattering [2]. It is worth noting that
both Pr0.5Sr0.5MnO3 and under-doped La1−xCaxMnO3
present the same A-type AF structure, [2,11,23], whereas
the AF phase of La0.5Ca0.5MnO3 is charge ordered CE-
type. Such a difference might be relevant: since the
CO phase is far more insulating than the A-type phase
[11,15], the latter may provide a screening mechanism
sufficiently effective to cut the long range tails of the
Coulomb interactions and to accommodate charged clus-
ters, whereas such a mechanism is ruled out in the insu-
lating CO state.
In conclusion, 55Mn NMR in the AF state of Pr0.5Sr0.5-
MnO3 demonstrates the segregation of nanoscopic ferro-
magnetic clusters, dressed by a modulation of local spin
and charge density at the interface with the host AF ma-
trix. Evidence is provided that the field-induced transi-
tion to a ferromagnetic state, detected also by magneti-
zation measurements, is percolative in nature.
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